Abstract. Accumulating evidence has demonstrated that microRNAs (miRNAs) are involved in multiple processes in cancer development and progression. miR-326 has been identified as a tumor suppressor miRNA in several types of human cancer. However, the specific function of miR-326 and its target the nin one binding protein (NOB1) in colorectal carcinoma (CRC) remains unclear. In the present study, we found that miR-326 inhibited cell proliferation, migration and invasion, and induced cell apoptosis and cell cycle arrest of CRC cells by directly targeting NOB1. Furthermore, the upregulation of miR-326 in CRC cells was revealed to be associated with a feedback loop involving downregulation of the NOB1, which mimics the phenotype induced by miR-326. Importantly, we found that the CRC patients with high expression of miR-326 or low expression of NOB1 tend to obtain a better prognosis. Thus, for the first time, we provide convincing evidence that downregulation of miR-326 inhibited tumor proliferation and tumor metastasis by directly targeting NOB1 in CRC. NOB1 and miR-326 could be potential therapeutic targets for CRC.
Introduction
Colorectal carcinoma (CRC) is the third most frequently diagnosed malignancy and the third leading cause of mortality among cancer patients in the USA (1) . Despite current therapeutic strategies combing adjuvant chemotherapy, surgery, radiotherapy and sometimes immunotherapy, the prognosis of CRC remains poor. The main reason for the current situation is that most CRC patients have distant metastasis at diagnosis or develop recurrent metastatic CRC following surgical treatment. Furthermore, lack of an accurate prognosis biomarker makes it difficult to predict the patients survival time after surgery. Although recent developments in molecular biology have provided insight into the molecular mechanisms of CRC, the fundamental molecular mechanisms underlying progression and metastasis in CRC have not been fully elucidated. Thus, identification of CRC metastasis-associated molecules may be beneficial for a further prediction of clinical outcomes and may ultimately be used to identify subsets of patients that may benefit from specific targeted therapies.
MicroRNAs (miRNAs) are small non-coding RNAs (~22 nucleotides in length), transcribed from non-protein coding genes or introns, which regulate gene expression through repressing translation and cleaving their mRNAs by binding to complementary sites in their 3'-untranslated region (3'-UTR) (2) . Currently, several aberrant expressed miRNAs have proven to be associated with carcinogenesis, tumor progression and metastasis in CRC and are taken as prognostic indicators for CRC including miR-150 (3), miR-28-5p/-3p (4), miR-200 (5), miR-494 (6) and many others. miR-326 was found downregulated and functioned as a tumor suppressor in multiple types of solid tumor and hematologic neoplasms, such as glioma (7, 8) , medulloblastoma (9) , cholangiocarcinoma (10) and chronic lymphocytic leukemia (11) . Yet, the clarification of the function and clinical significance of miR-326 in CRC are still at an early stage.
The yeast nin one binding protein (NOB1) is an evolutionarily conserved protein (12) and is required for the biogenesis and function of 26s proteasome (13) . It has been observed that genetic depletion of NOB1 suppresses the process of 20S pre-rRNA to mature 18S rRNA, producing markedly high levels of the 20S pre-RNA with novel degradation
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intermediates (14) . These studies showed that the NOB1 played a crucial role in protease function and RNA metabolism. NOB1 expression was found upregulated and it functioned as an oncogenic molecule in various types of solid tumors, such as breast (15) , ovarian (16) and non-small cell lung cancer (17) , hepatocellular carcinoma (18) and glioma (7) . Importantly, NOB1 was also found upregulated in CRC tissues (19) . Yet, up to date, the physiological and pathological function of NOB1 in CRC remains unclear and its relationship with miR-326 in CRC has not been examined. The aim of the present study was to investigate the relationship between miR-326 and NOB1 in CRC, and, furthermore, to identify the effect of miR-326 and NOB1 on cell proliferation, migration and invasion of the CRC cell lines. We also discuss the clinical significance of miR-326 and NOB1 in CRC. We found that miR-326 inhibited cell proliferation, migration and cell invasion, and induced cell apoptosis and cell cycle arrest of CRC cells by directly targeting NOB1. Importantly, we found that the CRC patients with high expression of miR-326 or low expression of NOB1 tend to obtain better prognosis.
Materials and methods
Patients and tissue samples. The present study was approved by the Research Ethics Committee of Xi'an Jiaotong University. A written informed consent was obtained from all the participating patients. All the specimens were handled and made anonymous according to the ethical and legal standards. A total of 114 patients were enrolled in the present study. Patients received curative resection for CRC at the First Affiliated Hospital, Xi'an Jiaotong University (Xi'an, China). None of the patients that enrolled in the present study received blood transfusion or chemotherapy prior to surgery. The follow-up information of all the participants was updated every 3 months by telephone. The overall survival was defined as the time elapsed from surgery to death. Information regarding the death of the patients was ascertained by their family.
Quantitative reverse transcriptase PCR (qRT-PCR) assay.
The expression of miR-326 in CRC and the corresponding adjacent tissues were detected by qRT-PCR assay. Briefly, the total RNA was extracted from the tissues using TRIzol reagent (invitrogen, Carlsbad, CA, USA) according to the manufacturer protocol. Then, miRNA expression levels were quantitated using a TaqMan miRNA Real-Time RT-PCR kit (Applied Biosystems) according to the manufacturer protocol. Data were analyzed with 7500 software v.2.0.1 (Applied Biosystems), with the automatic Ct setting for adapting baseline and threshold for Ct determination. The universal small nuclear RNA U6 (RNU6B) was used as an endogenous control for miRNAs. Each sample was examined in triplicate and the amounts of PCR products produced were non-neoplastic to RNU6B.
MTT assays. Cell proliferation was analyzed in vitro with the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent. Briefly, 2,000 cells from each group were plated in each well of five 96-well plates in 200 µl of medium. To analyze cell proliferation, 20 µl of MTT substrate at a concentration of 2.5 mg/ml in phosphate-buffered saline (PBS) was added to each well. The plates were then returned to a standard tissue incubator for an additional 4 h. The medium was then removed and the cells were solubilized in 150 µl of dimethyl sulfoxide for the colorimetric analysis (wavelength, 490 nm). One plate was analyzed immediately after the cells adhered (~4 h after plating). Then, one plate per day was examined for the next 4 consecutive days.
Cell apoptosis and cell cycle assays. CRC cells were transfected with NOB1 siRNA, miR-326 and their control for 48 h, and the cells were then suspended in an incubation buffer at a density of 1x10 6 cells/ml. The cells were incubated with Annexin V-FITC and propidium iodide (PI) (BD Biosciences, San Jose, CA, USA) for 15 min in the dark at room temperature. Cell apoptosis was then analyzed using FACSCalibur (BD Biosciences, San Diego, CA, USA). For cell cycle distribution, the cells of each group were stained with PI and analyzed by flow cytometry using FACSCalibur. For each group, 10,000 events were acquired. The percentage of the cells in g1, S and g2 phases of the cell cycle was calculated.
Cell migration and invasion assays. Cell migration and invasion capacity were measured using Transwell migration assays (Millipore, Billerica, MA, USA) in vitro. The CRC cells were transfected with miR-326 and miR-control for 48 h, and then the cells were suspended in RPMI-1640 with 10 g/l BSA at a density of 1x10 6 cells/ml. Then, the cell suspensions (150 µl) were seeded in the upper chamber with a porous membrane coated with (for the Transwell invasion assay) or without (for the migration assay) Matrigel (BD Biosciences). To attract the cells, 500 µl of RPMI-1640 with 10% serum was added to the lower chamber. After allowing the cells to migrate for 24 h or to invade for 48 h, the penetrated cells on the filters were fixed in dried methanol and stained with 4 g/l crystal violet. The numbers of the migrated or invasive cells were determined from five random fields using a microscope (Olympus) at a magnification of x10.
Luciferase reporter assay. CRC cells were seeded in 96-well plates at 60% confluence. After 24 h, the cells were transfected with 120 ng of WT or MT 3'-UTR of PTEN mRNA expression vector pgL3-target-3'UTR and 30 ng of miR-326 mimics using Lipofectamine 2000. The cells were collected 48 h after the transfection and the luciferase activity was measured using a Dual-Luciferase Reporter Assay System according to the manufacturer protocol (Promega).
Xenograft model in nude mice.
For the tumorigenesis assays, we engineered HCT116 cells to stably express high-miR-326 or low-NOB1. Xenograft tumors were generated by subcutaneous injection of HCT116 cells (2x10 6 ) into the hind limbs of 4-6 weeks old BALB/c athymic nude mice (nu/nu; Animal Center of Xi'an Jiaotong University, Xi'an, China; n=5 for each group). All the mice were housed and maintained under specific pathogen-free conditions and all the experiments were approved by the Animal Care and Use Committee of Xi'an Jiaotong University and were performed in accordance with the institutional guidelines. The tumor size was measured using a slide caliper and the tumor volume was determined by the formula: 0.44 x A x B2, where A represents the diameter of the base of the tumor and B represents the corresponding perpendicular value.
Statistical analysis. Statistical analysis was performed using IBM SPSS statistical software (version 21.0). Survival curves were estimated using the Kaplan-Meier method and distributions were evaluated by the long-rank test. Cox proportional hazard models of the factors related to survival were used to calculate RRs and identify the factors that affect survival. The differences in the characteristics between the 2 groups were examined by the χ 2 test. All the P-values were determined from the two-sided tests and statistical significance was based on a P-value of <0.05.
Results
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proven that NOB1 was the direct target of miR-326 in glioma. Considering the developmental stage-and tissue-specific manner of miRNAs, we decided to investigate the relationship between NOB1 and miR-326 in CRC. Using TargetScan, miRanda and PicTar software, NOB1 was identified as a likely target of miR-326, since it contains a putative miR-326 target site in the 3'-UTR. Then, we performed a luciferase reporter assay to further verify whether miR-326 directly targeted the 3'-UTR of NOB1 in CRC. The target sequence of wild-type PTEN 3'-UTR (WT 3'-UTR) or mutant PTEN 3'-UTR (MT 3'-UTR) was cloned into a luciferase reporter vector (Fig. 1A) . Pre-hsa-miR-326 or non-functional control miR-NC were co-transfected with the reporter vectors into the HEK 293T cells. The miR-326 target sequences and the wildtype NOB1 3'-UTR reduced the relative luciferase activity only when miR-326 was present, but not when the corresponding mutant was introduced with the miR-326 (Fig. 1B) . The luciferase reporter data indicated that NOB1 is a specific target of miR-326.
In order to further confirm that NOB1 is the target gene for miR-326 in CRC, qRT-PCR and western blotting were used to detect the expression of NOB1 in CRC cell lines HCT116 and SW620. As expected, the expression of NOB1 at both mRNA and protein level was significantly downregulated in CRC cells transfected with pre-miR-326, the intervention effects of which were similar to NOB1 RNA interference (Fig. 1C-H) . Collectively, these results suggest that NOB1 is the direct target gene of miR-326 in CRC cells.
miR-326 inhibits the proliferation of CRC cells by directly targeting NOB1.
To analyze the effects of miR-326 on CRC cell proliferation, we transfected miR-326, miR-NC, NOB1-or control-siRNA into HCT116 and SW620 cells. As shown in Fig. 2A and B, ectopic expression of miR-326 inhibited the growth of HCT116 and SW620 cell lines compared to the negative control 5 days after transfection (P<0.05), and no statistically significant differences in the growth rate between the miR-326 overexpressing and the NOB1-siRNA-infected cells was observed. There were no significant differences in the cell growth detected between the miR-NC and the control siRNA. Overall, these data suggest that miR-326 and NOB1 play an important role in regulating the proliferation of CRC cells.
miR-326 induces cell apoptosis and cell cycle arrest in CRC cell lines by directly targeting NOB1.
We then examined the effect of miR-326 on apoptosis, HCT116 and SW620 cells were stained with Annexin V and PI after transfection with miR-326, miR-NC, NOB1 siRNA or control siRNA for 72 h. As shown in Fig. 2C-F , the early apoptosis rate in miR-326 and NOB1 siRNA groups was significantly higher than miR-NC and control siRNA groups (P<0.05). We found that miR-326 induced early apoptosis in CRC cells by targeting NOB1.
To evaluate the effect of miR-326 on the cell cycle of the CRC cells, we examined the cell cycle distribution by FACS after transfection. Compared with miR-and siRNA-control cells, miR-326 overexpressing and NOB1 silencing cells showed a substantial decrease in the proportion of the cells in the S phase and an increase in the number of the cells in the g1 phase in the HCT116 and SW620 cell lines (Fig. 2g and H) . Overall, these results indicate the miR-326 inhibits the proliferation and promotes cell apoptosis of the CRC cells by inducing cell cycle arrest. 
miR-326 inhibits the migration and invasion of CRC cells by directly targeting NOB1.
We then determined whether miR-326 was associated with cell migration and cell invasion of the CRC cells. To test the effect of miR-326 on cell invasion and migration, we used standard Matrigel-coated or uncoated Transwell chamber assays. We found, compared with miR-and siRNA-control cells, that the migration and invasion ability was significantly reduced in HCT116 and SW620 cells that were transfected with miR-326 or NOB1 siRNA (Fig. 3A-F) . Collectively, these data suggest that silencing of NOB1 mimics the phenotype induced by overexpression of miR-326 in CRC cells, which further indicates that NOB1 serves as a downstream functional target of miR-326.
miR-326 inhibits tumor formation and tumor growth of CRC cells in vivo.
In order to further verify the effect of miR-326 on tumor formation and tumor growth of CRC cells in vivo, we subcutaneously injected the genetically modified (overexpressed miR-326 or NOB1 siRNA) HCT116 cells, as well as their control cells, into the hind limbs of nude mice. Tumor sizes were measured every 5 days; after 30 days, the mice were sacrificed and the tumors were collected. Analysis of the tumor growth curves confirmed that the tumors in the miR-326 or NOB1 siRNA group grew significantly more slowly than those in the miR-NC and siRNA control group (Fig. 3g and H) . Collectively, these results further indicate that miR-326 significantly inhibited the tumor formation and tumor growth in human CRC cells, suggesting that miR-326 played a vital function in the tumorigenicity of CRC cells in vitro and in vivo.
miR-326 is downregulated and NOB1 is upregulated in CRC tissues.
To further evaluate the clinical significance of miR-326 expression in CRC, we conducted qRT-PCR to measure the miR-326 expression in tumor tissues and their corresponding adjacent tissues of CRC patients. We found that miR-326 expression was significantly downregulated in 114 CRC tumor tissues compared with their corresponding adjacent tissues (Fig. 4A) . In contrast, NOB1 expression was significantly upregulated in CRC tumor tissues compared with their corresponding adjacent tissues (Fig. 4B) , which was consistent with previous literature. More importantly, statistically significant inverse correlations were revealed by Spearman's correlation analysis between mRNA levels of miR-326 and NOB1 in CRC tumor and adjacent specimens ( Fig. 4C and D ; r=-0.2452; P=0.0086 and r=-0.1998; P=0.0331). Collectively, these results suggest that miR-326 plays a tumor suppressor role and NOB1 has an oncogenic role in CRC.
miR-326 is associated with tumor metastasis and recurrence in CRC patients. We then determined whether miR-326 was associated with tumor metastasis and recurrence. Tumor specimens were divided into two groups according to their metastatic or recurrent status. Our data showed that miR-326 expression decreased in the metastatic group (Fig. 4E) .
Moreover, miR-326 levels were also significantly decreased in the specimens obtained from the patients who suffered CRC recurrence (Fig. 4F) . Collectively, our findings showed that downregulation of miR-326 may increase the risk of metastasis and recurrence in CRC patients.
miR-326 is associated with survival and prognosis in CRC patients.
In order to further determine the clinical significance of miR-326 in CRC, we split the 114 patients into two groups based on miR-326 or NOB1 expression levels (low vs. high) with their median expression levels as a cut-off point. The Kaplan-Meier analysis revealed that low miR-326 expression Table I . Cox regression analysis of prognostic factors for overall survival in CRC patients (n=114). was significantly correlated with reduced overall and progression-free survival in 114 CRC patients ( Fig. 5A and B ; log-rank test, P= 0.0438 and P= 0.0180, respectively). Whereas, the patients with low NOB1 expression tended to obtain better overall and progression-free survival time, than patients with high NOB1 expression ( Fig. 5C and D; log-rank test, P=0.0192 and P=0.0062, respectively).
Univariate Multivariate -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Next, the univariate analysis demonstrated that the overall and progression-free survival of CRC patients was associated with tumor-node-metastasis (TNM) stage, NOB1 and miR-326 expression (Tables I and II) . To test whether the prognostic value of miR-326 and NOB1 was independent of other clinicopathological parameters for poor overall and progression-free survival in CRC patients, a multivariate analysis was performed using a Cox proportional hazard model. Multivariate analysis including miR-326 expression, NOB1 expression, age, gender, tumor location, TNM stage and differentiation status, demonstrated that miR-494 or NOB1 expression was an independent prognostic biomarker for poor overall and progression-free survival in CRC patients (Tables i and ii ). These results suggest that patients with high-miR-326 expression tend to obtain a better prognosis than patients with low-miR-326 expression, yet the patients with high NOB1 expression tend to obtain a worse prognosis than the patients with low-NOB1 expression. Statistically significant results were also obtained for the TNM stage and lymph node metastasis, where all the other parameters were not independent prognostic biomarkers for overall and progression-free survival in CRC patients. Collectively, these results indicate that miR-326 or its target NOB1 is an independent biomarker for survival and prognosis of CRC patients.
Discussion
MicroRNAs (miRNAs) are unique in their ability to regulate many protein-coding genes. Several miRNA have been identified as candidate components of oncogene and tumor suppressor networks in CRC, these miRNA and their targets play an important role in the occurrence and development of CRC. The changes in miRNA profiling are associated with almost all the aspects of CRC cell biology, such as cell proliferation (20) , angiogenesis (21), apoptosis (22) , cell cycle (23), migration and invasion (6) . In the present study, we focused on the role of miR-326 in CRC, which has been proven to be a tumor suppressor miRNA in multiple types of cancer. We found that miR-326 inhibited cell proliferation, migration and invasion of CRC cells, yet it induced cell apoptosis and cell cycle arrested of CRC cells. These results indicate that miR-326 also functions as a tumor suppressor in CRC. Furthermore, the upregulation of miR-326 in the CRC cells was revealed to be associated with a feedback loop involving downregulation NOB1 which mimics the phenotype induced by miR-326. We identified miR-326 downregulation or NOB1 upregulation, which was usually associated with poor survival and prognosis of CRC patients.
A previous study confirmed that NOB1, an essential protein, was associated with 26S proteasome and hence played an essential role in the universal biological process. In the present study, we showed that miR-326 inhibited carcinogenesis and progression by blocking a novel target, NOB1, both in vitro and in vivo. When the cell cycle of CRC cells was assessed by FACS, we observed that upregulated miR-326 expression or downregulated NOB1 expression induced a significant decrease in the S phase and an increase in the g1 phase population in the CRC cells with significant cell proliferation arrest. The growth inhibitory effect was further confirmed by MTT assays and nude mouse xenograft assays, indicating that miR-326 and NOB1 are crucial for proliferation and carcinogenesis of human CRC. In addition, upregulated miR-326 expression or downregulated NOB1 expression inhibited cell migration and invasion of CRC cells. Metastasis is the major reason for poor prognosis of CRC patients. Thus, our findings indicated that miR-326 and/or NOB1 may be a potential therapeutic target for CRC. Thus, we investigated the clinical significance of miR-326 and NOB1. As a previous study confirmed NOB1 expression was upregulated in tissues of CRC and promoted tumor growth and carcinogenesis of CRC (24, 25) , thus we focused on whether miR-326 and/or NOB1 could be the prognostic indicators for CRC. We found that miR-326 downregulation or NOB1 upregulation was usually associated with poor Table II . Cox regression analysis of prognostic factors progression-free survival in CRC patients (n=114). survival. Univariate and multivariate results showed that a high miR-326 expression or a low NOB1 expression was associated with poor prognosis of CRC patients. Each was an independent prognostic biomarker for CRC.
Since the identification of NOB1 protein, increased NOB1 expression has been reported in ovarian (16) , colorectal (24) , breast (15) , thyroid (26) and hepatocellular carcinoma (18) . As the genetic depletion of NOB1 strongly suppressed the processing of 20S pre-rRNA to mature 18S rRNA, producing markedly high levels of 20S pre-RNA with novel degradation intermediates (14) the effect corrects the RNA synthesis and affects the cell cycle regulation (27) , since it is necessary for synthesis of rRNA for cell cycle process (28, 29) . Moreover, NOB1 also plays an important role in proteasomes by forming a complex between 19S regulatory particle of 26S proteasome, where the latter catalyzes the protein degradation through the ubiquitin proteasome pathway for cell cycle progression (30, 31) . All these studies indicate that NOB1 expression has an essential role in cell cycle regulation. Our study supported the pivotal role of NOB1 in cell cycle regulation of CRC cells. Our results also indicated that NOB1 affected cell proliferation and tumor growth of CRC in vivo and in vitro by regulating the cell cycle.
Recently, several profiling analyses reported that NOB1 was involved in carcinogenesis and tumor metastasis. Notably, NOB1 was found to play a critical role in tumor metastasis of clear cell renal cell carcinoma (32) . Consistent with a previous study, we also found that NOB1 was associated with cell migration and invasion of the CRC cell. Yet, the molecular mechanisms underlying this phenomenon are still largely unknown and need further specific investigation. Several miRNAs have also been proven to be associated with carcinogenesis, progression and metastasis of CRC. Recently, miR-494 was found to be associated with tumor metastasis and tumor aggressiveness of CRC (6) . Moreover, miR-139-5p suppressed CRC cell invasion and metastasis by targeting AMFR and NOTCH1 (33) . Our study also indicates that miR-326 plays an important role in cell metastasis by directly targeting NOB1. We identified that miR-326 and NOB1 were the metastasis-associated molecules and may be considered as potential therapeutic targets for CRC. These results shed new light on the understanding of the molecular mechanism underlying the metastasis of CRC.
Though miR-326 was found downregulated and as it functions as a tumor suppressor in multiple types of solid tumor and hematologic neoplasms, the biological effects and clinical significance of miR-326 in CRC are still not fully understood. Consistent with the above studies, our results identified that miR-326 functioned as a tumor suppressor in CRC. miR-326 inhibited cell proliferation, cell migration and cell invasion of CRC cells. Importantly, miR-326 was also an independent prognostic biomarker for CRC patients. However, a recent report exists with contradictory conclusion (34) . In the present study, plasma miR-326 was found upregulated in CRC, and high expression of plasma miR-326 was associated with a decreased overall and progression-free survival, indicating miR-326 may play an oncogenic role in CRC. The discrepancies between the studies may reflect the different cohorts selected for each study. We focused on the role that miR-326 played in CRC cells and the tissues of the CRC patients. Yet other authors put their emphasis on whether plasma miRNAs before treatment may serve as non-invasive markers predicting the outcome in the metastatic CRC patients treated with 5-FU and oxaliplatin-based chemotherapy. Circulating expression of miRNAs has been described in many solid cancers including CRC, but it is still difficult to differentiate whether circulating miRNAs expression is specifically associated with CRC itself or if this is a common phenomenon that manifests during progression of any cancer as a result of perturbations in host immune response (35). Thus, when investigating the role that circulating miRNA played in CRC, we must make clear whether a direct correlation exists between tissue and serum levels of miRNA and their specificity in CRC. Considering the contradicting conclusion, retrospective or prospective studies with a sufficient number of samples should be conducted to make clear the role that miR-326 plays in CRC.
In summary, we showed that miR-326 was downregulated and its target NOB1 was upregulated in CRC tissues. miR-326 decreased carcinogenesis and metastasis of CRC cells through directly targeting NOB1. Clinically, miR-326 or NOB1 was independently prognostic biomarker for CRC patients. Our findings suggest that exogenous overexpression of miR-326 may be considered as a promising strategy for targeted therapies in CRC.
